The magnetotactic bacteria are a collection of morphologically, metabolically and phylogenetically diverse bacteria (Bazylinski & Frankel, 2004) . These organisms exhibit a behaviour known as magnetotaxis, which is a combination of the passive alignment and active motility of cells along geomagnetic field lines (Frankel, 1984; Frankel et al.,1997) . Magnetotaxis depends upon the cell's ability to biomineralize crystals of the iron oxide magnetite (Fe 3 O 4 ) or greigite (Fe 3 S 4 ), each of which is capable of sustaining a single magnetic domain (Bazylinski & Frankel, 2004) . These crystals and their enclosing membrane are called magnetosomes, and are typically arranged in linear chains within the cytoplasm (Bazylinski & Frankel, 2004) . Despite the fact that magnetotactic bacteria were discovered over 30 years ago (Blakemore, 1975) , there are relatively few strains in pure culture. Most described and cultured magnetotactic bacteria represent species of the freshwater genus Magnetospirillum (Maratea & Blakemore, 1981; Matsunaga et al., 1991; Schleifer et al., 1991; Schüler et al., 1999) .
The magnetotactic cocci are ubiquitous in freshwater, marine water and mud samples collected from natural habitats, and are the most commonly observed morphotype of magnetotactic bacteria from these environments. Magnetotactic cocci can be easily separated magnetically from non-magnetotactic cells using the capillary 'racetrack' method of Wolfe et al. (1987) or other forms of magnetic separation. These techniques have allowed for the somewhat detailed study of an uncultured, freshwater magnetotactic coccus (Moench & Konetzka, 1978) provisionally named 'Bilophococcus magnetotacticus' (Moench, 1988) , a name that was not validly published and therefore has no formal standing. All the magnetotactic cocci examined so far are roughly spherical, Gram-negative cells that are motile by means of two bundles of flagella on one side of the cell (bilophotrichous, hence the proposed genus name 'Bilophococcus'; Moench, 1988) . Some magnetotactic cocci contain inclusions rich in sulfur (George et al., 2008) , while others contain inclusions rich in phosphorus and some contain both (Moench, 1988; Cox et al., 2002) . All magnetotactic cocci examined to date biomineralize crystals of magnetite in their magnetosomes, although the number and arrangement of the chains is variable (Pan et al., 2008; Jogler et al., 2009; ). Some types do not form chains at all, and their magnetosomes appear to be arranged as a cluster or clump at one end of the cell (Moench, 1988; Cox et al., 2002) .
Strain MC-1 T ('magnetic coccus # 1') was originally isolated from a semi-anaerobic basin as part of an estuary system in coastal Rhode Island, in the north-eastern United States (Meldrum et al., 1993) . Recently, a novel strain that appears to represent another genus in the magnetotactic cocci group, the magneto-ovoid strain MO-1, was isolated in axenic culture from the Mediterranean Sea (Lefèvre et al., 2009a (Lefèvre et al., , b, 2010 . The 16S rRNA gene sequence of strain MC-1 T shows the highest sequence identity to that of strain MO-1 (93.4 % identity). Strain MC-1 T has been partially described as to its mode of magnetotaxis (Frankel et al., 1997) , its phylogenetic affinities (DeLong et al., 1993) , its chemolithoautotrophic metabolism based on the reductive (reverse) tricarboxylic acid cycle (Williams et al., 2006) and its whole genome sequence (Schübbe et al., 2009) . In addition to GenBank/EMBL/DDBJ, the genome sequence is available for examination at the Joint Genome Institute website (http://genome.jgi-psf.org/magm1/magm1.home. html). The aim of the current study is the further characterization and official naming of strain MC-1 T .
Sample collection, enrichment and purification
Strain MC-1 T was isolated from water collected at the oxicanoxic interface of the Pettaquamscutt Estuary, Rhode Island (Meldrum et al., 1993) . Sampling from discrete depths of the estuary was described by Bazylinski et al. (1995) . For isolation of strain MC-1 T , cells of magnetotactic bacteria were first concentrated magnetically from water samples using the magnetic capillary racetrack technique (Wolfe et al., 1987) (Frankel et al., 1997) , 0.25 g NH 4 Cl, 100 ml 0.2 % (w/v) aqueous resazurin and 2.0 g agar noble (Difco). The medium was then adjusted to pH 7.0, boiled to dissolve the agar and autoclaved. After the medium had cooled to about 45 u C, the following solutions were added (per litre), in order, from stock solutions (except for the cysteine, which was made fresh and filter-sterilized directly into the medium): 1.5 ml 0.5 M potassium phosphate buffer, pH 6.9; neutralized cysteine hydrochloride hydrate, to give a final concentration of 0.2 g l 21 ; 0.5 ml vitamin solution (Frankel et al., 1997) ; 2.5 ml 0.01 M FeSO 4 dissolved in 0.2 M HCl; and 2.7 ml 0.8 M NaHCO 3 (autoclaved dry; sterile water added after autoclaving to make the fresh stock solution). The medium (10 ml) was dispensed into sterile, 156125 mm screw-capped test tubes. All cultures were incubated at room temperature (~25 u C) and, after approximately 1 week, a microaerobic band of bacteria formed at the oxic-anoxic interface (pinkcolourless interface) of the tubes. This band contained a consortium of many morphological forms of bacteria, including a relatively small number of magnetotactic cocci.
For isolation, the magnetotactic cocci from the enrichment cultures were separated magnetically from contaminants, again using the magnetic capillary racetrack technique (Wolfe et al., 1987) . Magnetically separated cells were then inoculated in the medium described above except that different electron and carbon sources were added. Cells of the magnetotactic cocci grew in tubes containing either 10 mM Na 2 S 2 O 3 . 5H 2 O (added to the medium from a sterile 25 % stock solution after autoclaving) or 1 g sodium acetate trihydrate l 21 (added prior to autoclaving) or when a sulfide agar plug was present as described by Nelson & Jannasch (1983) . In all cases, cells grew as a microaerobic band of cells at the oxic-anoxic interface, and microscopic examination of these bands showed that only magnetotactic cocci were present. Cells from the acetate cultures were used as an inoculum in a serial dilution of solid-agar (13 g per litre) shake tubes of the acetate-containing medium. Colonies were removed aseptically and the process was repeated three times. After the third time, cells from a colony were inoculated back into all three semi-solid media. Purity of the cultures was determined using light microscopy and by amplification and sequencing of the 16S rRNA gene.
Morphology
As observed with light microscopy, cells of strain MC-1 T are roughly spherical, with a diameter of approximately 1-2 mm. Cells were fixed and prepared for transmission electron microscopy (TEM) as described by Beveridge et al. (1994) . The flagellar apparatus consists of two bundles of seven individual flagella that are enveloped in a sheath, both at one end of the cell (bilophotrichous) . A sheath surrounding each bundle of flagella was not described previously in strain MC-1 T , possibly due to the low concentration of calcium in the medium or in solutions used to prepare the TEM grids (e.g. Fig. 1a ).
Thus, the assembly of the flagellar bundle sheaths of strain MC-1 T seems to be calcium-dependent, as it is for those in strain MO-1 (Lefèvre et al., 2010) . Although it was reported earlier that the flagella in strain MC-1 T originated from a unique type of electron-dense basal structure (Frankel et al., 1997) , electron microscopy clearly shows that each bundle emerges from a sunken pit (Fig. 1a-c , e, f) in which the negative stain used (e.g. uranyl acetate) in electron microscopy could accumulate, giving the appearance of an organelle. Numerous microfibrils are also present and are related to the flagella (Fig. 1d) . Microfibril number seems to increase when the sheaths are missing around the flagella bundles. It has recently been suggested that these microfibrils might act to minimize the friction of high-speed rotation of individual flagella in the tight flagellar bundle within the sheath, to enable cells of magnetococci to swim at high speeds (Ruan et al., 2012) .
Motility
Cells of strain MC-1 T display polar magnetotaxis (i.e. use the magnetic field for both an axis and a direction for migration; Frankel et al., 1997; Bazylinski & Frankel, 2004) . When analysed under an optical microscope, cells swim constantly with a helical trajectory (Fig. 1g) . The mean swimming speed for cells in fresh culture was 197±15 mm s 21 (n5105). T contain a single chain of magnetite-containing magnetosomes (Fig. 1a) , which appears to be split evenly when cells divide (Fig. 2a) . Cells of strain MC-1 T do not produce greigite in the presence of sulfide (Meldrum et al., 1993) . The magnetite crystals display a pseudo-hexagonal prismatic crystal habit, are elongated along the ,111. crystallographic direction (i.e. the long axis) and are truncated by 111, 100 and 110 faces (Meldrum et al., 1993) . Cells grown heterotrophically in [O 2 ]-gradient cultures with acetate as the electron donor contained a mean (±SD) of 14±3 magnetosomes versus 10±2 in cells grown autotrophically in [O 2 ]-gradient cultures with sulfide as the electron donor (Meldrum et al., 1993; Fig. 1a) . Magnetite particles in acetate-grown cells were slightly larger than those of sulfide-grown cells: 83±14 by 78±11 nm for acetate-grown cells versus 72±11 by 70±13 nm for sulfide-grown cells (Meldrum et al., 1993) . The magnetite crystals in strain MC-1 T are surrounded by a membrane (or membrane-like structure) to form magnetosomes (Fig. 2b) , as has been shown in other magnetotactic bacteria (Bazylinski & Frankel, 2004) .
Growth characteristics
Anaerobic growth of strain MC-1 T was tested in semi-solid growth medium containing potential alternate terminal electron acceptors in serum-stoppered test tubes with thiosulfate (10 mM) as the electron source. The following compounds were tested as terminal electron acceptors (sodium salts, when appropriate): nitrate (5 and 10 mM), nitrite (2 mM), fumarate (20 mM), trimethylamine oxide (TMAO; 15 mM), DMSO (15 mM), sulfite (5 mM) and N 2 O (1.5 atm in the headspace). Except for the tubes containing nitrous oxide (N 2 O) in the headspace gas, all others contained O 2 -free N 2 . Tubes were incubated for at least 3 weeks at room temperature. Cells of strain MC-1 T did not grow anaerobically on any of the potential terminal electron acceptors tested, and only grew in tubes containing air as a microaerophilic band of cells at some point below the meniscus of the semi-solid medium at the oxicanoxic interface. Thus, strain MC-1 T appears to be an obligate microaerophile. Consistent with the genome sequence of strain MC-1 T (Schübbe et al., 2009), the only respiratory lipoquinone detected was ubiquinone 10.
Cells appeared to have the potential to survive under anaerobic conditions for some time without growth, as the introduction of air to anaerobic tubes containing nitrate, fumarate, DMSO or thiosulfate (as well as sulfate in the ASW) resulted in growth as a microaerophilic band of cells. Cells in tubes containing nitrite, TMAO, sulfite or N 2 O did not grow when air was introduced into these tubes, and these compounds are therefore probably toxic to cells of strain MC-1 T .
To test for heterotrophic growth, potential carbon sources were added to tubes to give a final concentration of 0.1 % (w/v or v/v) using the above medium, without thiosulfate.
The following carbon sources were tested (sodium salts for acids, neutralized where necessary; L-enantiomers were used for amino acids, D-enantiomers for sugars): acetate, citrate, formate, fumarate, lactate, malate, maleate, malonate, oxalate, oxaloacetate, 2-oxoglutarate, propionate, pyruvate, succinate, tartrate, urea, Casamino acids, peptone, tryptone, yeast extract, glycerol, ethanol, methanol, quinate, alanine, arginine, asparagine, aspartate, cysteine, glutamate, glutamine, glycine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tryptophan, valine, adonitol, amygdalin, arabinose, cellobiose, glucose, dulcitol, fructose, galactose, gluconate, inositol, inulin, lactose, lyxose, maltose, mannitol, mannose, melezitose, melibiose, raffinose, rhamnose, ribose, salicin, sorbitol, sorbose, sucrose, trehalose, xylose and Tris (at 20 mM). Each organic carbon source was tested in triplicate. If growth was observed, the culture was transferred twice further on the same medium with the same carbon source, in triplicate. Thiosulfate (10 mM) was used as the positive control, and sterile water was used as the negative control. Of the various potential carbon sources tested for the ability to support heterotrophic growth of strain MC-1 T , only acetate was able to serve as both a carbon and presumed energy source. Thus, although we have demonstrated chemoorganoheterotrophic growth of strain MC-1 T , this strain has limited metabolic versatility Schübbe et al., 2009 ).
Nitrogen fixation
Nitrogenase activity of whole cells was determined as acetylene (C 2 H 2 ) reduction to ethylene (C 2 H 4 ) in [O 2 ]-gradient cultures under autotrophic conditions with thiosulfate (10 mM) or sulfide (as a solid agar plug; Nelson & Jannasch, 1983) as the electron donor, and under heterotrophic conditions on acetate (7.3 mM), as described previously (Bazylinski et al., 2000) . When present, NaNO 3 and NH 4 Cl were added to the medium at 4 mM. C 2 H 4 was produced in the absence of a fixed nitrogen source when sulfide or thiosulfate was used as an energy source for autotrophic growth, and when acetate was supplied for heterotrophic growth (Table S1 , available in IJSEM Online). The results therefore demonstrate that strain MC-1 T is capable of fixing nitrogen under both autotrophic and heterotrophic conditions.
Fatty acid analysis
Fatty acid analyses were carried out by the Identification Service of the Deutsche Sammlung von Mikroorganismen und Zellkulturen GmbH (DSMZ), Braunschweig, Germany. Fatty acids were extracted, purified, methylated and quantified by gas chromatography using the standard Microbial Identification System (Sasser, 1990; Kämpfer & Kroppenstedt, 1996) . In order to gain sufficient biomass, liquid cultures were grown according to Williams et al. (2006) . The [O 2 ] gradient that became established was clearly evident by the surface of the medium becoming pink while the remaining medium remained colourless. Growth initiated at the oxic-anoxic interface near the surface and, as growth increased, O 2 was replenished in the headspace. The majority of observable growth was restricted to a thin white pellicle close to the surface of the medium, and the medium could not be mixed without perturbing growth of the culture. Although it is difficult to determine absolutely at what stage of growth are cells of strain MC-1 T when grown in liquid based on the observed growth, cells for these analyses were harvested about 24 h after a large injection of oxygen to the culture, and the culture was therefore probably in late exponential growth. The cellular fatty acids were C 16 : 1 v7c (49.2 % of the total fatty acids), C 16 : 0 (23.7 %), C 18 : 1 v7c (12.9 %), C 16 : 1 v5c (6.0 %), C 18 : 0 (4.9 %), C 18 : 1 v9c (1.1 %), C 14 : 0 (0.54 %) and C 18 : 1 v5c (0.44 %). This fatty acid profile is unusual for members of the Alphaproteobacteria, where C 18 : 1 is typically the major fatty acid.
DNA analysis
The genome of strain MC-1 T appears to consist of a single, circular chromosome of about 4.7 Mb (Dean & Bazylinski, 1999; Schübbe et al., 2009) . Extrachromosomal elements (e.g. plasmids) were not found. The G+C content of the genomic DNA of strain MC-1 T was determined by HPLC by the DSMZ, according to the method of Mesbah et al. (1989) . The G+C content as determined by HPLC was 55.8±0.3 mol% (mean±SD of three measurements); this compares with the value of 54.2 mol% determined from the genome sequence.
Phylogenetic relationships
Alignment of 16S rRNA gene sequences was performed using the CLUSTAL W multiple alignment accessory application in the BioEdit sequence alignment editor (Hall, 1999) . The phylogenetic tree was reconstructed using MEGA version 4 (Tamura et al., 2007) applying the neighbourjoining method (Saitou & Nei, 1987) . Bootstrap values were calculated with 1000 replicates. Our phylogenetic analysis confirms previous studies that recovered strain MC-1 T and other magnetotactic cocci as only distantly related to other magnetotactic members of the Alphaproteobacteria (Spring et al., 1992 (Spring et al., , 1998 DeLong et al., 1993;  Fig. 3 ). Strain MC-1 T and uncultivated magnetotactic cocci, as well as strains MO-1 (Lefèvre et al., 2009a) and SS-1 (isolated from the Salton Sea; C. T. Lefèvre and D. A. Bazylinski, unpublished), do not fall into any existing order, and comprise a clade that constitutes the sister clade to all other Alphaproteobacteria (Fig. 3) . Previous 16S rRNA gene phylogenetic analyses and phylogenomic analyses have also recovered strain MC-1 T as representing the earliest diverging branch of the Alphaproteobacteria (Esser et al., 2007; Georgiades et al., 2011; Singer et al., 2011) . Strain MC-1 T was regarded by one study as most closely related to the class 'Zetaproteobacteria' (represented by Mariprofundus ferrooxydans), and assigned to a novel subdivision of the Proteobacteria that was informally termed 'Magnetococci' (Singer et al., 2011) . However, strain MC-1 T and Mariprofundus ferrooxydans do not form a unique clade to the exclusion of other members of the Proteobacteria (Singer et al., 2011; Fig. 3) . Although certain studies have excluded strain MC-1 T from the Alphaproteobacteria (Esser et al., 2007; Singer et al., 2011) , the overall topologies of these trees do not differ with regard to the position of strain MC-1 T . Thus, the approach favoured here is to regard strain MC-1 T as representing the most basal lineage within the Alphaproteobacteria rather than erecting a separate class outside the Alphaproteobacteria. The inferred secondary structure of the 16S rRNA of strain MC-1 T is also consistent with its inclusion in the Alphaproteobacteria (Woese, 1987; DeLong et al., 1993) . Strain MC-1 T uses the reductive tricarboxylic acid cycle for autotrophic carbon assimilation; to date, this is unique among the Alphaproteobacteria, with other autotrophic members of this class employing the CalvinBenson-Bassham cycle (Williams et al., 2006; Hügler & Sievert, 2011) . Atypical of the Alphaproteobacteria, but more characteristic of the Gammaproteobacteria, C 16 : 1 is the dominant fatty acid, not C 18 : 1 . Strain MC-1 T and other magnetotactic cocci comprise a clade that clearly cannot be assigned to any known order within the Alphaproteobacteria. This, combined with attributes of strain MC-1 T and other magnetotactic cocci that are not found elsewhere in the Alphaproteobacteria, warrants the erection of a new order, as well as a new species, genus and family. Magnetococcus marinus (ma.ri9nus. L. masc. adj. marinus of the sea, referring to the estuarine habitat of the type strain).
Description as for genus, with the following additional characteristics. Cells are around 1-2 mm in diameter. Capable of chemo-organoheterotrophic growth on acetate. Capable of dinitrogen fixation when grown autotrophically (on thiosulfate or sulfide) or heterotrophically (on acetate). Mesophilic, with a growth temperature range of 5-35 u C and optimal growth temperature of 24-26 u C. Catalasenegative and oxidase-positive. Cellular fatty acids are dominated by C 16 : 1 v7c, C 16 : 0 and C 18 : 1 v7c. The respiratory lipoquinone is ubiquinone 10.
The type strain is MC-1 T (5ATCC BAA-1437 T 5JCM 17883 T ), isolated from the Pettaquamscutt Estuary, Rhode Island, north-eastern United States. The DNA G+C content of the type strain is 54.2 mol%.
Description of Magnetococcaceae fam. nov.
Magnetococcaceae (Ma.gne.to.coc.ca9ce.a.e. N.L. masc. n. Magnetococcus type genus of the family; -aceae ending to denote a family; N.L. fem. pl. n. Magnetococcaceae the family of the genus Magnetococcus).
The description is the same as that for the genus Magnetococcus. Separation of Magnetococcus into a new family is justified by its distinct phyletic lineage based on the 16S rRNA gene sequence. The family contains the type genus Magnetococcus.
Description of Magnetococcales ord. nov.
Magnetococcales (Ma.gne.to.coc.ca9les. N.L. masc. Magnetococcus type genus of the order; suff. -ales ending to denote an order; N.L. fem. pl. n. Magnetococcales the order of Magnetococcus).
Cells are coccoid-ovoid in shape. Cells may contain magnetite crystals, although the intracellular arrangement of crystals is variable. Gram-negative. This order constitutes the earliest diverging order of the Alphaproteobacteria known to date. Separation of Magnetococcus and related organisms into a new order is justified by their distinct phyletic lineage based on the 16S rRNA gene sequence. The order contains the family Magnetococcaceae. Magnetococcus is the type genus.
